To better manage the magnitude and direction of the heat flux in an exchanger-based methanol evaporator of a fuel cell system, thermoelectric (TE) modules can be deployed as TE heat flux regulators (TERs). The performance of the TE-integrated evaporator is strongly influenced by its heat exchange structure. The structure transfers the fuel cell exhaust heat to the evaporation chamber to evaporate the methanol, where TE modules are installed in between to facilitate the heat regulation. In this work, firstly, a numerical study is conducted to determine the working currents and working modes of the TERs under the system working condition fluctuations and during the system cold start. A three-dimensional evaporator model is generated in ANSYS FLUENT Ò by combining a compact TE model with various heat exchange structure geometries. The compact TE model can dramatically improve the computational efficiency, and uses a different material property acquisition method based on module manufacturers' datasheets. Secondly, a simulation study is carried out on the novel evaporator to minimize its thermal resistance and to assess the evaporator pressure drop. The factors studied include the type of fins in the heat exchange structure, the thickness of the fins, the axial conduction penalty, etc. Results show that the TE-integrated evaporator can work more efficiently and smoothly during both load fluctuations and system cold start, offering superior performance.
INTRODUCTION
High-temperature polymer electrolyte membrane fuel cell (HTPEMFC) power systems with onboard methanol reformers offer a great market opportunity, because they are more efficient, more environmentally friendly, and practical as compared with other available technologies. 1, 2 One typical configuration of this kind of HTPEMFC power system is illustrated in Fig. 1 .
The evaporator inside this system is exchanger based with cartridge heaters mounted in the two base plates, as shown in Fig. 2a . It is designed to evaporate a methanol-water mixture (''Methanol'' in Fig. 1 ) pumped into the evaporation chamber using the system waste heat from the exhaust gas (''Cathode Exhaust'' in Fig. 1 ) recovered by the fins. In case heat imbalance happens, e.g., due to lack of waste heat during the system cold start, cartridge heaters are driven electrically to supplement the heat shortage. However, as analyzed in Ref. 3 , a significant amount of electric heat can be lost to the fuel cell exhaust air, which would lower the overall system efficiency, and the heat shortage may still cause a temperature undershoot of the evaporated methanol-water mixture. On the other hand, when there is excess waste heat, the temperature of the evaporated mixture will go beyond the set value. Either condition may increase the amount of impurities (temperature too low, increased methanol slip; too high, CO increased) inside the flue gas from the steam methanol reformer (''SMR'' in Fig. 1 ) and in turn risk poisoning the fuel cell (''FC'' in Fig. 1 ), as well as limit the load-following capability of the HTPEMFC power system. 4 In other words, the controllability of this initial exchanger-based evaporator is low and affects the performance of the whole system significantly.
Both of the above-mentioned issues result from the nearly uncontrollable heat flux between the fins and the evaporation chamber. 3 To regulate the magnitude and direction of this heat flux, thermoelectric (TE) modules can be installed in between, working as thermoelectric heat flux regulators (TERs), replacing the cartridge heaters. The TEintegrated evaporator is illustrated in Fig. 2b . Deployed as heat flux regulators, instead of maintaining a certain temperature, TE devices offer unique possibilities and their features can be more fully harnessed. 3, 5, 6 Based on a three-dimensional evaporator model generated in ANSYS FLUENT Ò , the current research work firstly investigates the working currents of the TERs under various system operating conditions. The working modes and adjustment range of the TE-integrated evaporator are also determined under either system working condition fluctuations or during the system cold start. Then, a numerical study is conducted on the heat exchange structure to determine evaporator performance trends. Finally, the superiority of the TE-integrated evaporator is proved; its operating scenarios and optimization guidelines are drawn out.
MODEL IMPLEMENTATION Baseline Case Description
The part of the TE-integrated evaporator to be investigated is a segment of the evaporation chamber attached to a single TE module with its heat exchange structure (the fins with the base plates, as shown in Fig. 2b ). Figure 3 shows the design and key dimensions for the baseline case. On the bottom is the evaporation chamber. It is covered by the TE module. On the top is the straight-fin heat exchange structure. Each straight fin has the same size of 16 mm 9 2.4 mm 9 40 mm. Between the fins are the eight flow channels for the exhaust gas from the fuel cell. The channels also have the same dimensions of 16 mm 9 2.4 mm 9 40 mm. Below is the base plate of the heat exchange structure with size of 4 mm 9 40 mm 9 40 mm. The whole structure is simplified and divided into four interconnected domains inside ANSYS FLUENT Ò , illustrated in different colors in Fig. 3 .
The main assumptions and boundary conditions are listed as follows. Heat conduction and convection in the evaporation chamber are neglected. The chamber is represented by a constant surface temperature of 72°C (the methanol-water mixture boiling point) in all calculations. 7 Based on the analysis in Ref. 8 , the exhaust gas is simplified to be dry air. The air flow rate is _ v air ¼ 7:6 m=s; and its temperature is t air,in = 148.2°C. 8 The ambient temperature is set to 20°C. The material of the heat exchange structure is aluminum with heat conductivity k fin ¼ 202:4 W=mÀK:. The TE module is simplified as a three-layer structure: two ceramic substrates and a TE layer. All the thermoelectric couples in the TE layer are treated as one single black box to improve the computation efficiency. Details are discussed in the following section. 
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Compact Modeling and Governing Equations of the TE Module
Similarly as concluded in Ref. 8 , the integration of TE devices into the same computational fluid dynamics (CFD) simulator with its heat exchange structure, at a reasonable computational cost, is a critical step for the objective of this work. An extensive 3D multiphysics thermoelectric model is ideal for module-level optimization and studying module temperature-dependent characteristics. [9] [10] [11] [12] However, the ''grid mismatch'' between the detailed modeling of each n-type and p-type TE element and the whole thermal system makes system-level modeling study of the TE-integrated evaporator computationally expensive. Therefore, modeling the TERs in this work similarly to the single bulk block or ''black box'' thermoelectric cooler (TEC) model in Ref. 13 instead of modeling each TE element individually is a more realistic approach. As illustrated in Fig. 4 , the TE module is modeled as a whole rather than down to each pellet, so the module gridding can be significantly simplified and the grid mismatch thus mitigated. From a computational efficiency standpoint, full-field CFD and heat transfer simulations are now more feasible and less expensive as the number of volumes as well as the algorithm complexity are reduced. The main governing equations are listed as follows. More details can be found in Refs. 12-14.
In applying a TE device model, correctly retaining thermoelectric effects with sufficient accuracy in capturing the performance is obviously compulsory. It is noteworthy that the process of parameter acquisition is inevitable during this compact model construction; i.e., another critical step here is how to determine the effective values of the material properties k, q, and a. Generally speaking, there are three ways to extract them: (1) as directly given by the TE material/module manufacturer, (2) experimentally obtained on a test bench like those used in Refs. 8,15, or (3) calculated through a comprehensive CFD modeling approach from parameters available in TE module manufacturers' datasheets. 13 In the current paper, the third approach is used, as
where a is the obtained module Seebeck coefficient, k is the extracted module thermal conductivity, and q is the obtained module electrical resistivity. Q max is the maximum rate of heat transfer with no module temperature difference, T h is the temperature of Fin thickness and channel width both 0.6 mm 6
Fin thickness and channel width both 0.4 mm the hot side, DT max is the maximum module temperature difference at no thermal load, and I max is the electrical current in the module that gives DT max , all of which are taken from TE module manufacturers' datasheets. A is the uniform crosssectional area of the entire device, l is the TE element height, f is the packing fraction of the total module area covered by TE elements, and n is the number of couples in the TE module. These geometry parameters are used in combination with DT max , I max , Q max , and T h to characterize the k, q, and a of the TE black box, whilst further information for the module beyond its datasheet is not required. Finally, the compact TEC module model is validated both by a universalized extensive 3D multiphysics thermoelectric generator model from Ref. 9 and by the TE module manufacturers' datasheet. They return almost exactly the same results. This also proves that the novel CFD modeling parameter Thermal Management Optimization of a Thermoelectric-Integrated Methanol Evaporator Using a Compact CFD Modeling Approach acquisition approach is trustworthy. Some other detailed information on formulation, validation, and comparison can be found in Ref. 13 .
Computational Procedure
The governing equations are discretized using the finite-volume approach. The second-order upwind scheme is used to discretize the momentum and energy equations. Pressure-velocity coupling is provided by the SIMPLE algorithm.
A grid independence test was performed with uniform grid spacing in three directions: through the TE module (S1), across the exhaust gas flow (S2), and along the exhaust gas flow (S3). Seven grid spacing combinations listed in Table I were tested. For each combination, the chamber temperature and the exhaust gas temperature at the channel outlets are plotted in Fig. 5 . These temperatures were then normalized by the corresponding results under the finest grid (combination no. 1) and are also shown in Fig. 5 . For the first three cases, the changes are less than 0.2%. However, as the grid becomes coarser, the deviations start to change significantly. Similar trends were obtained for all the other main parameters over their whole operational ranges at several locations within all four domains. Based on these tests, combination no. 3 was used in all the following calculations. Throughout the most representative set of test cases chosen and plotted in Fig. 5 , operating parameters were maintained constant. The exhaust air parameters were _ v air ¼ 10 m=s and t air = 27°C; The chamber side was kept adiabatic; The TE module was charged under current I TEM = À5.7 A to cool down the chamber.
RESULTS AND DISCUSSION
In the following numerical simulations, all parameters not explicitly specified follow the baseline settings. Considering the magnitudes of all the parameters, the convergence criterion is set to 10
À10
in the continuity equations.
Working Modes and Working Range
Generally speaking, the working modes of the TEintegrated evaporator can be divided into two categories, labeled by the working modes of the TE module, namely enhancing and suppressing heat transfer, determined by the heat imbalance between the recovered waste heat and the chamber heat demand. According to the manufacturer's datasheet, the TE module used in this study has an I max = ± 5.7 A when it reaches its peak coefficient of performance (COP), i.e., when it reaches DT max . 13 Throughout this work, the working current of the TE module is constrained within À5.7 A to 5.7 A. In this range, the heat output of the evaporation chamber is shown in Fig. 6 .
It can be seen that, when the TE module is charged using the Peltier effect to enhance the heat transfer, the evaporation chamber heat output increases monotonically with I TEM , and the rate of increase gradually becomes faster. On the other hand, when the TE module is working in the suppressing mode, the chamber heat output slowly decreases at low I TEM then goes up again at high I TEM . Under both conditions, the TE module needs to handle two heat sources, i.e., the system waste heat and the electric heat generated by the TE module internal resistance. The electric heating explains the curve trend changes under both conditions. In the enhancing mode, the electric heat is added to the chamber with the recovered exhaust heat. As the current I TEM goes up, the electric heat amount becomes larger. On the contrary, in the suppressing mode, the electric heat is supposed to be fully controllable and partially/totally dissipated into the exhaust gas. However, apparently it leaks into the chamber side and raises the chamber heat output. As the current I TEM increases, this leakage becomes more observable. Actually, this phenomenon indicates that the heat exchange structure is overloaded and needs to be optimized.
As a whole, this TE-integrated evaporator can actively adjust the chamber heat output between 15.0 W and 124.4 W. Under the same baseline case, the initial evaporator can only constantly produce 50.1 W heat without the supplementary electric heat from the cartridge heaters. Apparently, the TE-integrated evaporator has more potential for handling the system working condition fluctuations.
There is another benefit from the TE integration. During the system cold start (from 20°C to 100°C), 16 the TE-integrated evaporator can keep working in the maximum enhancing mode, under the current I TEM = +5.7 A. The TE module working in this condition is mainly used as an electric heater. Figure 7 shows the module maximum heat output Q TE,output,max and its heat uptake from the exhaust gas Q TE,uptake . As a reference, the heat uptake Q initial,uptake of the initial evaporator heated by the cartridge heaters is also plotted. It is clear that the TE-integrated evaporator can fulfill the chamber heat demand; 16 besides, its Q TE,output,max can be further boosted by a larger I TEM in practice. Considering the heat uptake, the negative signs of Q TE,uptake and Q initial,uptake indicate that they represent heat leaked into the exhaust gas, i.e., the heat loss. Since Q TE,uptake is less significant, although gradually growing with the TE module temperature-dependent electrical resistance, the TE-integrated evaporator can still be more efficient. As mentioned above, its performance can be further improved by optimizing its heat exchange structure.
Optimization of the Heat Exchange Structure
In this section, the heat exchange structure is altered to see the effects on the TE-modified evaporator. The purpose is to prepare some guidelines for later evaporator performance optimization. Throughout the following simulations, the total inlet area of the flow channels is kept the same as the baseline case to ensure constant enthalpy input to the evaporator. The changes of the heat exchange structure are listed in Table II . Corresponding designs of the evaporator are depicted in Fig. 8 .
In each case, the chamber heat outputs in both enhancing mode and suppressing mode under the currents I TEM = ±5.7 A are shown in Fig. 9 . It can be noticed that the enhanced heat output Q enhanced increases from 124.4 W to 152.2 W with finer fins. However, after reaching case 5, the increase becomes small. Examining the exhaust gas temperature on the outlet, as shown in Fig. 10 , it can be noticed that the gas temperature almost equals the heat exchange structure temperature; i.e., the heat exchanging process is nearly finished. From the heat transfer point of view, the finest fins of case 6 are preferable. On the other hand, the suppressed chamber heat output Q suppressed decreases from 44.9 W to 2.5 W with finer fins. Smaller values of Q suppressed mean that the TE-integrated evaporator has wider adjustment ranges. So, case 6 with the Thermal Management Optimization of a Thermoelectric-Integrated Methanol Evaporator Using a Compact CFD Modeling Approach finest fins is again preferable. However, considering the heat exchange structure pressure drop, it is clearly shown in Fig. 11 that the pressure drop increases aggressively with finer fins. As discussed in Ref. 8 , the system parasitic loss and its pressure drop are closely intertwined. A more systematic study is needed to further assess the effect of the fin density on the evaporator performance.
The heat exchange structure in case 2 is designed with the same heat transfer area as the baseline case but with less heat capacity. Though its performance here seems not as good as the baseline case, it can respond faster in handling the fluctuations. A more properly designed test is needed to evaluate its performance. Case 3 is designed to see whether there is an axial conduction penalty on the performance of the heat exchange structure. 17 It seems that the effect is negligible for the current setup, as compared in Fig. 12. An entire systemlevel simulation of the evaporator is probably needed to further assess this effect.
CONCLUSIONS
Modifying the evaporator with TE modules has mutual benefits. The TE-integrated evaporator can now adjust the chamber power output actively in the range from 15.0 W to 124.4 W, and the characteristics of the TE devices can be better utilized when working as TERs. This TE integration also makes the evaporator lose less heat and supply electric heat more efficiently to the evaporation chamber during the system cold start.
With the help of a three-dimensional evaporator model generated in ANSYS FLUENT Ò , the adjustment range of the TE-integrated evaporator is then extended to 2.5 W to 152.2 W. This optimization is realized by the increased heat exchange surface area of the finer fins. However, the evaporator pressure drop is also increased with finer fins. The numerical results also show that the axial conduction penalty is insignificant in the current TEmodified evaporator.
Through the analyses in this work, it can be concluded that integration of TE devices into the methanol evaporator can most likely make it work more efficiently and improve its controllability and hence is worthy of further study.
